Introduction
Many of disorders, such as disorders of nervous or musculoskeletal system (Duclos, Nadeau, & Lecours, 2008) , can negatively affect the position and orientation of the body segments. Patients with these disorders often show instability of the body segments during stance tasks. Making the stance task more difficult by removing visual inputs has been claimed as a means to identify specific deficits (Morris, 2000) . horizontal reference plane. Thus the pitch, roll and yaw are not joint angles, but rather Euler angles. These angles can be used to study the orientation of body segments, whose orientation is result of a complex kinematic chain. Therefore, the pitch, roll and yaw angles are also used in medicine (Adkin, Bloem, & Allum, 2001; Allum, Adkin, Carpenter, Held-Ziolkowska, Honegger, & Pierchala, 2001; Gill et al., 2001) . In these studies, pitch and roll sway measurements during specific balance tasks identified differences in balance control in patients (Pts), compared to those of healthy subjects (HS) .
As for the data processing methods for assessment of body sway, the most commonly used methods for the assessment of postural stability are methods based on evaluation of the range of movement, mean sway velocity (Horlings et al., 2008) , and frequency domain (Hwang, Huang, Cherng, & Huang, 2006) . More complex methods for assessing the postural instability are based on the shape of the envelope, confidence ellipse (Oliveira, Simpson, & Nadal, 1996) or the trajectory length (Raymakers, Samson, & Verhaar, 2005) . These methods are based on the description of the behavior of two kinematic variables. Some of these methods were only used to evaluate data from the stabilometric platforms. Most of these methods, however, have not been used for evaluation of data from the gyroscope sensors. One of these methods is the method based on total length of trajectory in a 2-D plot, which is easily and intuitively understandable, and can also be used where the motion capture systems can only measure two sway angles, e.g. SwayStar system (Balance International Innovations GmbH). These systems usually provide information on pitch and roll angles (Findling et al., 2011) . However, this technique based on total length of trajectory in a 2-D plot of data recorded using the gyroscope sensors has never been used before to study postural stability.
The method based on total length of trajectory (i.e. length of center of pressure (CoP) path) in a 2-D plot is commonly accepted and verified in the field of quantitative evaluation of data obtained using a stabilometric platform (Donath, Roth, Zahner, & Faude, 2012; Harbourne, Willett, Kyvelidou, Deffeyes, & Stergiou, 2010; Raymakers et al., 2005) . One of the main reasons behind this use of the method is that the study of the movement with one variable characterizing the change in two main angles may find new uses for the study of the postural stability by very inexpensive two axis gyroscopes which are also used in cell phones and electronic watches. It is generally known that the method based on evaluation of the data obtained using a gyroscope system could provide new information on balance deficits Allum et al., 2001; Gill et al., 2001) . The data processing based on the concept of the total length of the trajectory of pitch vs. roll angle might be a suitable tool. Thus, the aim of this work is to identify application possibilities of the length of the trajectory in a 2-D plot of the pitch angle vs. roll angle in clinical practice.
Methods

Selection of participants
In order to test the new method it is necessary to compare healthy participants without any postural balance problems to participants who have postural balance problems. A comparison of exclusively age groups would not be definite. The parameters of the body sway in healthy participants within the age span between 20 and 60 years vary only slightly, as studies have shown (Abrahámová & Hlavačka, 2008; Aoki et al., 2012) . It is generally known that the movement of the trunk (where the center of the mass of the whole body is located) and other body segments is directly related to the movement of the center of pressure which is traditionally used to study postural stability (Horak & Hlavacka, 2001; Tia, Saimpon, Paizis, Mourey, Fadiga, & Pozzo, 2011) . Aoki et al. (2012) found that there were insignificant differences in 10-60 year old subjects in CoP sway parameters: circumference, rectangular area, left-right width, and front-back width in both the cases (eyes open/closed), i.e. no significant age-related differences were found in any of the CoP sway parameters (i.e. Romberg quotients). It has been demonstrated that a significant degradation of stability begins after the age of 60. Also, a detailed analysis of an age-related increase of CoP parameters by the polynomial type of regression confirmed that a gradual increase of body sway characterized by an increase of CoP oscillations started after the age of 60 (Abrahá-mová & Hlavačka, 2008) .
Based on the above mentioned reasons, ten volunteer patients (6 men and 4 women; mean age of 52.2 (SD 11.7) years) with degenerative cerebellar ataxia and eleven healthy subjects (7 men and 4 women; mean age of 26.0 (SD 6.4) years) participated in the study. The degenerative ataxias are a heterogeneous group of hereditary and nonhereditary diseases described and studied in detail in Čakrt et al. (2012) . They are characterized by progressive ataxia due to degeneration of the cerebellar cortex, cerebellar nuclei and spinal pathways, which results in impaired coordination of the limbs and postural instability. All Pts were recruited from the Department of Neurology at the Faculty Hospital Motol, Prague. A board-certified neurologist had previously screened and diagnosed cerebellar disorder.
Bakker, Kremer, Bloem, and Allum (2005) . The sensor was positioned at the level of the lower back (lumbar 2-3) near to the body's centre of mass (Adkin, Bloem, & Allum, 2001; Warrenburg et al., 2005) , see Figure  1 . For the feet, the bases of the two MTx units are positioned and oriented over the dorsum of feet. In particular, it is recommended to place it over the midfoot (cuboid and cuneiforms) (Cutti, Ferrari, Garofalo, Raggi, Cappello, & Ferrari, 2010) . The MTx unit was firmly placed using double sided medical tape. The sway was measured with precision of 0.05°, the sample frequency was 100 Hz. The MT Manager software (Xsens, Enschede, Netherlands) of the Xbus kit system was used to calculate the angles. The sensor fusion algorithm (Extended Kalman Filter) was mounted on the unit (Kalman, 1960) . Sensors signal generation model is described directly by Xsens, see also (Luinge, 2002) . The output signal was not filtered in any other way, to have the possibility of considering errors in final evaluation.
Data analysis
The new method to identify pathological balance control is based on the well-known mathematical tools used in static posturography (Raymakers et al., 2005) . In our case, the total length (Stins, Ledebt, Emck, Dokkum, & Beek, 2009; Teranishi et al., 2011) of trajectory (TL) is used to evaluate an angle-angle plot. The total length of pitch vs. roll is computed by calculating the sum of the Euclidean distances between consecutive data points (i.e. Cartesian coordinates) in Euclidean Diagnostic evaluation included a detailed disease history, a neurologic examination, routine laboratory blood and urine tests, and a magnetic resonance imaging of the brain. All Pts and HS expressed their informed consent before the experiment. HS were recruited from the students/volunteers at Charles University in Prague. In the case of the HS, the diagnostic evaluation included a detailed disease history and routine laboratory tests. The study was performed in accordance with the Helsinki Declaration. The study protocol was approved by the local ethical committee.
Test procedure and measurement equipment
The trunk and feet sway in the roll and pitch planes were measured while Pts and HS were standing with eyes open (EO) on a firm surface (FiS) and eyes closed (EC) on a soft foam surface (FoS). The reason for choosing these two most commonly used types of tests is to determine the difference between non-reduced visual perception and mechanoreceptor perception and maximum reduction of the visual perception and mechanoreceptor perception. These two tests also sufficiently demonstrate the applicability of the proposed technique of quantifying human postural stability and the differences between the behavior of the trunk and feet of healthy subjects and patients.
In brief, trunk (T) and feet (left foot (LF), right foot (RF)) sway were measured during stance. Subjects were standing upright barefoot on both feet on FiS for 60 seconds with eyes open (EO) and on FoS for 60 seconds with closed (EC). The participants' feet were positioned next to each other, splayed at 30°. Feet were spaced 5 cm apart, arms always in hanging position (Čakrt et al., 2012) . A visual target was also positioned at eye level, approximately 1.5 m away from the subject. Measurement of each subject was performed after one minute of standing quietly on a specific type of surface that subject was accustomed to the type of surface before each trial.
For trunk and feet sway measurements, the system Xbus kit (Xsens, Enschede, Netherlands) was used. It is a lightweight device consists of datalogger (Xbus Master) and small 3DoF trackers (MTx units). It provides drift-free 3-D orientation. Therefore, the Xbus kit can also be seen as representative of gyroscope systems. The MTx unit was calibrated before each measurement, the MTx unit was set up in a way that the one axis of the coordinate system was parallel to the sagittal axis, i.e. symmetry axis of the platform on which the participants stood, and the other two axes were perpendicular to the sagittal axis with respect to the earth's gravity. The MTx unit was placed on patient's trunk in accordance with Ochi, Abe, Ishigami, Orsu, & Tomita (1997) , Adkin et al. (2001) and Warrenburg, Figure 1 . The gyroscope sensors (MTx units) used to measure the trunk and feet angular movements 2-D space (Deza & Deza, 2013) collected during the trial, given by Teranishi et al. (2011): where the data point P n = (α n , β n ) at time n and the data point P n-1 = (α n-1 , β n-1 ) at time n-1. N is the number of sample points, α is the roll angle, β is the pitch angle measured by a gyroscope sensor (Kim, Ferdjallah, & Harris, 2009 ). The number of points is determined by the recorded length of the dataset (60 s) and the sample frequency (100 Hz). Thus, in our case, the TL is defined by the roll and pitch excursions when these variables are plotted as a 2-D plot, and the degree is the physical unit. Designed custom-written MATLAB program based on the functions of the MATLAB software (Version R2010b; Mathworks, Natick, MA, USA) was used to calculate the TLs, see Figure 2 . The roll angle and pitch angle of each segment (trunk, left foot and right foot) were measured, and the TL of each segment was calculated using above mentioned method and software. TL of feet was calculated by making an average of TLs for each foot.
The reason for the use of the TLs is that the standardized parameters, such as the standard deviations of displacement, seem to be less transparent since they are not correlated to any of the trajectory parameters (Raymakers et al., 2005) , which directly reflect the measured movement of a body segment (Vaz Garcia, 2009) , and the TLs is widely used in the studies of the postural stability based on stabilometric platform (Raymakers et al., 2005) .
Statistical analysis
After calculating the TLs of each subject standing on a FiS with EO and FoS with EC, the statistical analysis was performed using MATLAB software. The JarqueBera test (in MATLAB software) was used to test the normal distribution. The significance level was set at 5%. The median, minimum, maximum, first quartile and third quartile of the TL are used to illustrate differences in groups of data. Also, the Wilcoxon rank sum test and Wilcoxon signed rank test were used to assess the significance of the differences between the results of these four groups: HS standing on a FiS with EO; HS standing on a FoS with EC; Pts standing on a FiS with EO; Pts standing on a FoS with EC. The significance level was set at 5%. In addition, effect sizes, which consider the difference between two groups of data, were calculated in accordance with Fritz, Morris, and Richler (2012) and Coolican (2009) .
Results
After calculating the TLs, the statistical analysis was performed, see Table 1 . The following chart (Figure 3) compares the relationship between the TLs of the HS and Pts with EO and EC standing on a FiS or FoS. Since some data did not have a normal distribution, the Wilcoxon tests were used to analyze the data. Tests did not show significant difference in TLs of the left foot and right foot, the p > .05 in all cases. Therefore, in the further analysis, we assume no difference in movement of the left and right feet during standing.
In the case of TLs of the trunk of the HS with EO standing on a FiS and the Pts with EO standing on a FiS, the results show significant difference in TLs (p = .02). In all other comparisons, the p is less than .01, thus the significant difference was found between TLs of the feet of the HS with EO standing on a FiS and the Pts with EO standing on a FiS, TLs of the trunk of the HS with EC standing on FoS and Pts with EC standing on FoS, TLs of the feet of the HS with EC standing on a FoS and the Pts with EC standing on a FoS.
In addition to testing the applicability of the method, we also examined whether the method identifies differences in postural stability under changing conditions. In the case of TLs of the trunk of the HS with EO standing on a FiS and the HS with EC standing on a FoS, the results show significant difference in TLs (p = .02). In all other comparisons, the p is less than .01, thus the significant difference was found between TLs of the feet of the HS with EO standing on a FiS and the HS with EC standing on a FoS, TLs of the trunk of the Pts with EO standing on a FiS and the Pts with EC standing on a FoS, TLs of the feet of the Pts with EO standing on a FiS and the Pts with EC standing on a FoS. In all cases of comparison of the groups of data, the effect sizes (Cohen's d) were moderate to large, i.e. calculated values were greater than 0.5 (Cohen, 1988) . 
Discussion
The article aims to test the applicability of the method based on total length of trajectory in a 2-D plot of the pitch angle vs. roll angle. For this reason, we analyzed whether the method identifies differences in postural stability HS and Pts, and under changing conditions which are commonly used for studying the postural stability (Patel, Fransson, Lush, & Gomez, 2008) .
When the values of TLs for the Pts and HS were compared, statistically significant differences were found in all cases. It is apparent that in the case of the Pts, the increases in TLs are significant. Therefore, the findings are consistent with those obtained by traditional methods, which show significantly greater lengths of CoP path trajectories obtained using a stabilometric platform, or greater angular displacement and velocities obtained using a gyroscope, in the case of patients (Diener, Dichgans, Bacher, & Gompf, 1984; Warrenburg et al., 2005) . An interesting finding is that the greatest difference is in the case of measurement of TL of the trunk. The median of the TL of the trunk in Pts is 7.9 times larger than the median of the TL in HS with EC on a FoS (see Table 1 ). In case of measuring the feet, the differences in the calculated values of the medians are slightly smaller (see Table 1 ). The median of the TL of feet (left and right) in Pts is 5.6 times larger than the median of the TL in HS with EC on a FoS (see Table 1 ). Thus, results show that it is preferable to evaluate, in clinical practice, the measured data for the trunk than for the feet, because, in the case of the removing visual inputs and somatosensory inputs, the differences in postural stability are more pronounced.
In the case of the study of relationship between quiet stance trials with EO and EC, all calculated p-values were lower than the significance level. There is significant difference between the measured data of the participants with EO standing on FiS and participants with EC standing on FoS. This finding is also significantly evident from Figure 4 . The measured values for the subjects with EC are significantly greater than in the case of the subjects with EO. In the case of the trunk, the median of the TL in HS with EC is only 1.9 times larger than the median of the TL in HS with EO, and the median of the TL in Pts with EC is 5.9 times larger than the median of the TL in Pts with EO (see Table 1 ). This finding justifies the reasons for the use of the standing with EC on a FoS in clinical practice, as is also mentioned in Blackburn, Riemann, Myers, and Lephart (2003) .
If we look at the difference between HS and Pts in detail, the median of the TL of the trunk in Pts is 7.9 times larger than the median of the TL in HS with EC on a FoS. In the case of subjects with EO on a FiS, the median of the TL is only 2.5 times larger (see Table 1 ). Data analysis showed significant statistical differences between the two groups of subjects under each measurement condition. Some articles point to the possible effect of age on postural stability (Choy, Brauer, & Nitz, 2003) . In the mentioned study, certain instability was evident in women older than 50 years when a foam surface was introduced and in women older than 60 years when a firm surface was used. Similar conclusions are presented in Abrahámová and Hlavačka (2008) , Aoki et al. (2012) . Thus, it can be concluded that in the case of subjects standing on a FiS, the identified difference between HS and Pts is caused by the degenerative cerebellar disorder. The same cannot be applied with 100 % certainty in the case of subjects standing on a FoS. In this case, the stability may be influenced partly by the age of the subject. However, it can be generally concluded that the new method is an appropriate tool to identify differences in balance control. Moreover, as it has been already mentioned, the results are in accordance with widely accepted results of the study of patients with cerebellar diseases obtained by a method based on total length of CoP path trajectory recorded using a stabilometric platform (Diener et al., 1984; Lucy & Hayes, 1985) .
There are limitations to our study. The most important one is that the sample of the subjects was small and probably not representative of the larger population. However, to test the basic attributes of the method proposed for the study of postural stability in this preliminary study, a sample of ten Pts and eleven HS is sufficient, just as it was in similar works (Rossi-Izquierdo et al., 2013) . A second limitation in this study is that only one measurement of each subject was made. However, measurement of a subject with impaired postural stability is usually done only once, or only data from the trial with the most complete and longest record are used for further analysis (Honegger, Hillebrandt, Elzen, Tang, & Allum, 2013; Horlings, Carpenter, Honegger, & Allum, 2009 ). This approach was used because some patients had significant stability problems and were unable to perform multiple tests with EC, as is common in these patients (Čakrt et al., 2012) .
Conclusion
It was found that the TL of the trajectory of pitch vs. roll in 2-D plot is suitable for quantifying postural sway and identifying differences in balance control. Although the results vary while measuring different segments of the body, the gyroscope system identified significant differences between two groups of subjects, middleaged patients with degenerative cerebellar disorder and eleven young healthy subjects, in both cases of the measurement of the trunk and feet. Preliminary results also show that it is preferable to evaluate the measured data for the trunk than for feet, because the differences in the calculated values of the medians of TL between the two groups of subjects are greater. The major finding is that one cheap 2-DoF orientation tracker placed on patient's body segment, preferably on the trunk, in conjunction with the method based on the TL of pitch vs. roll could be a new tool for examinations of instability of the body segments during the stance tasks.
The concept of the TL, although familiar to the biomechanics community, has not been used before to study the postural instability using gyroscopic data. Further tests of the proposed method to assess the postural instability will be performed on more patients with different neurological disorders to compare and investigate reasons for similarities and differences in postural balance problems and abilities.
